Abstract-Non-orthogonal multiple access (NOMA) aims to increase the spectral efficiency of fifth generation networks by relaxing the orthogonal use of radio-resources. In this paper, a network with multiple half-duplex buffer-aided (BA) relays is considered, where the source transmits with a fixed rate toward two users. The users might demand the same rate by the source (e.g., two cellular users requiring the same service), or they could have different rate requirements (e.g., a cellular user coexisting with an Internet of Things device). By deploying multiple BA relays, increased reliability and additional degrees of freedom are provided. Leveraging the spectral efficiency of NOMA and the increased diversity gain of BA relaying, two relay selection algorithms with broadcasting are proposed for power-domain NOMA and hybrid NOMA/OMA, namely BA-NOMA and BA-NOMA/OMA, respectively. BA-NOMA can improve the performance in terms of the outage probability when the power allocation factor α is selected such that robustness against channel uncertainties due to, e.g., outdated channel state information is provided. Moreover, BA-NOMA/OMA further improves the sum-rate by switching to OMA when the relays cannot serve the users through NOMA. For both cases, a theoretical analysis for the outage probability is conducted and the asymptotic performance is studied. Finally, numerical results and comparisons with other state-of-the-art algorithms are provided for the outage probability, average throughput, and average delay.
trends. Among those paradigms, non-orthogonal multiple access (NOMA) differentiates from traditional orthogonal multiple access (OMA), allowing users to share the same resource (time/frequency/code) and exploit different channel power levels [1] . Under NOMA, at the transmitter, superposition coding is deployed [2] , while at the receivers, successive interference cancellation (SIC) is performed [3] , [4] . The surveys in [5] , [6] presented various challenges of NOMA, including the need for efficient user pairing, based on different channel quality for optimal NOMA, while the potential of NOMA for increasing the resource efficiency was underlined. Regarding resource allocation in NOMA, various works have provided efficient solutions. The authors in [7] studied joint sub-channel assignment and power allocation in the downlink of a NOMA network, aiming to maximize the weighted sum-rate and maintaining user fairness. In addition, spectral and power resource allocation optimization, towards increasing the energy efficiency of the network, was presented in [8] . As power allocation to multiple users is a key issue in NOMA networks, several surveys studied various power-domain (PD) NOMA scenarios, emphasizing the need for the development of novel cooperation techniques, facilitating NOMA when relays are available in multi-user networks [9] [10] [11] . Also, an important practical issue raised by the aforementioned works is the deteriorated performance of NOMA under imperfect/outdated channel state information (CSI) [9] . Furthermore, when only statistical CSI is available, NOMA was shown to outperform OMA when power allocation and decoding order are optimized under the max-min fairness criterion [12] . Finally, when multiple antennas are available at the source, precoding and the minorization-maximization algorithm were used to maximize the sum-rate of single-antenna destination [13] , while for multi-antenna destinations, multiple-input multiple output (MIMO) NOMA was proved to provide improved performance compared to MIMO OMA [14] .
Another imminent communication paradigm is cooperative relaying for mitigating the effects of path-loss, shadowing and multi-path fading. The seminal work of [15] , triggered a furore of contributions on relay techniques. Among those techniques, opportunistic relay selection (ORS) [16] , [17] and buffer-aided (BA) relaying (see, e.g., [18] , [19] and references therein) are of significant importance, as relay-assisted cellular networks can enhance the coverage of 5G networks. In addition, BA-ORS reduces the outage probability of the network, especially in delay-tolerant applications. Towards this end, [20] proposed hybrid relay selection (HRS) based on the max-max relay selection (MMRS), allocating one time-slot to two relays, having the strongest source-relay ({S → R}) and relay-destination ({R → D}) links. Then, max − link algorithm with adaptive link selection was proposed in [21] , providing increased diversity, by dedicating each time-slot to either an {S → R} or to an {R → D} transmission. A hybrid MMRS/max − link algorithm was presented in [22] , while other works provided delayaware algorithms (see, e.g., [23] [24] [25] [26] [27] [28] ), prioritizing {R → D} transmissions and/or considering buffer state information (BSI) for relay selection. Moreover, to further improve the diversity of BA relaying, various works imposed thresholds at the buffers, in terms of the number of packets, activating relays satisfying those thresholds [29] , [30] . Recently, {S → R} broadcasting for BA-ORS was proposed in [31] , aiming to reduce the delay of MMRS and max − link. By using broadcasting, more packets are available at the relays' buffers and lower delay is achieved. Then, the work in [32] proposed low-complexity (LoCo) link selection, focusing on practical challenges of BA-ORS, including asymmetric links, outdated CSI and feedback errors. LoCo-Link exploited broadcasting and {R → D} prioritization to improve the performance. As outdated CSI results in severe performance degradation, its effect on BA relaying was studied in [33] , showing that a coding gain can still be achieved, while [34] revealed a trade-off among CSI acquisition overhead and the quality of CSI for throughput maximization.
In order to improve the spectral efficiency of 5G networks, relaying has been jointly studied with NOMA in several works. The authors in [35] exploited users with strong channels for decoding the messages of other users. Then, by forming user pairs, the decoded messages were relayed to the users with weak channels. In [36] , a single half-duplex (HD) relay assisted in the transmission to two users. Compared to OMA, NOMA offered the same diversity and, at the same time, improved spectral efficiency and fairness. Next, the authors in [37] studied a network consisting of one source and two receivers. Since communication between the receivers was allowed, one of them operated as a full-duplex (FD) relay. Then, by forming a relay broadcast channel and employing noisy network coding and dirty paper coding, the achievable rate region of the network was improved. A similar topology, where each node is equipped with multiple antennas was investigated in [38] , achieving to increase the rate of a cell-edge user through joint beamforming by the source and a user with better channel conditions towards the source. Next, the study in [39] used a dedicated FD relay in a two-user NOMA network. Compared to HD relaying, FD cooperative NOMA improved the ergodic sum capacity for low-to-medium signal-to-noise ratio (SNR), even when residual self-interference remained. Additionally, NOMA allowed two sources to communicate simultaneously with two destinations, by transmitting in parallel, towards a shared relay [40] . The proposed transmission strategy showed promising performance in terms of sum ergodic capacity, both for perfect and imperfect SIC. Furthermore, NOMA was studied in ORS networks in [41] , where a two-stage ORS algorithm was developed. Performance evaluation showed that improved diversity gain was achieved, compared to conventional max − min ORS. In order to reduce CSI acquisition overhead, partial relay selection using the CSI at the transmitter (CSIT) of only the {S → R} or {R → D} links was analyzed in [42] . It was shown that significant performance gains can be provided when the number of relays increased from one to two, while for more relays, the performance gains were negligible. However, NOMA with outdated CSI has not been extensively studied until now, and only a few studies have emerged, focusing on single hop [43] or single relay [44] topologies, without providing exact expressions for the power allocation coefficient.
Aiming to enhance the performance of NOMA, recently, BA relaying was adopted. The authors of [45] proposed adaptive mode selection in a single relay network. More specifically, transmission switched between NOMA, serving simultaneously two users or single user OMA when NOMA was infeasible. From the analysis, it was concluded that the system throughput increased compared to BA relaying without NOMA and conventional relaying with NOMA. For a similar topology, the work in [46] proposed adaptive link selection for cases with full CSIT and no CSIT in the {R → D} links. Expressions for the outage probability were derived, and results showed that a diversity gain equal to two can be achieved for buffer sizes larger than two. More recently, two BA-ORS algorithms were proposed in [47] for a NOMA relay network. The algorithms selected the best relay, by considering BSI and {R → D} prioritization, in order to reduce the average delay. Nonetheless, the performance of BA relaying for NOMA with outdated CSI has not been studied, while the majority of works consider a fixed power allocation coefficient. In addition, the potential of BA-ORS in NOMA and hybrid NOMA/OMA networks has not been investigated.
B. Contributions
In this work, we study the integration of broadcasting in BA ORS networks where NOMA is employed to provide communication of one source to multiple destinations. More specifically, we exploit broadcasting to enhance the diversity of the network, since more relays are able to decode and store the source's packets, providing more options for the {R → D} transmission. Furthermore, contrary to existing works on NOMA, a practical issue is studied: in cases where CSI might not be timely acquired, ORS with outdated CSI is obtained; our scheme accounts for outdated CSI. Finally, outage and diversity gain analysis, for both NOMA and hybrid NOMA/OMA are conducted. In greater detail, the following contributions are given:
r The process for choosing the power allocation factor α for NOMA is given in detail, assuming the existence of two destinations with (possibly) different rate requirements. The case of users with different rate requirements served in non-orthogonal channels is envisioned in several studies on the coexistence of cellular and IoT networks; see, e.g., [9] , [48] , [49] . More specifically, the selection of α is based on instantaneous CSI and a practical extension is provided to ensure robustness against possibly imperfect/outdated CSI.
r In order to enhance the feasibility of our approach, α is given for cases when CSI might be outdated. More specifically, a two-hop multi-relay topology is adopted, contrary to the NOMA networks with outdated CSI in [43] , [44] and the impact of outdated CSI in relay selection and its interaction with the value of α is presented.
r Two BA-ORS algorithms are developed in order to improve the outage, sum-rate and average delay performance of the network. The first algorithm, namely BA-NOMA prioritizes {R → D} transmission from the relay with the maximum buffer length and, if a feasible set of links to the two destinations does not exist, {S → R} broadcasting is performed. The second algorithm efficiently blends NOMA and OMA, resulting in hybrid BA-NOMA/OMA. So, when a NOMA transmission in the {R → D} links fails, OMA transmission towards a single destination is adopted, thus avoiding a complete outage.
r A theoretical outage analysis is conducted, by modeling the different states of the network as Markov Chains. Also, the asymptotic performance of the proposed algorithms is examined and the asymptotic outage probability and diversity gain are derived. From the performance evaluation it is shown that both algorithms improve the performance of NOMA and hybrid NOMA/OMA BA relay networks, in terms of outage probability, average sum-rate and average delay.
C. Structure
The structure of this paper is as follows. Section II presents the system model and preliminaries, necessary for the development of our results. Section III provides the process for choosing the power allocation coefficient α. Then, Section IV gives in detail the BA-NOMA relay selection algorithm, while the case of hybrid BA-NOMA/OMA is presented in Section V. Theoretical analysis of the proposed algorithms is given in the corresponding section. In Section VI, we conduct a performance evaluation and, finally, in Section VII, we conclude and discuss possible future directions.
II. SYSTEM MODEL AND PRELIMINARIES

A. System Model
We consider a relay-assisted network consisting of one source, S, two destinations, D 1 and D 2 , and a cluster C of K HD decode-and-forward (DF) relays
Due to severe fading, the direct links between the source and the destinations do not exist and we assume that communication is established via the relays only. Each relay R k is equipped with a buffer of size L, where L denotes the maximum number of data elements that can be stored from the source's transmissions. The number of packets in the buffer of relay R k is denoted by Q k . Each buffer is allocated equally to both destinations i.e., the same amount of data elements for D 1 and D 2 can be stored at the relays. The system model is depicted in Fig. 1 .
Time is divided into "slots" of one packet duration (e.g., fixedsize packets). At any arbitrary time-slot t, the quality of the wireless channels is degraded by additive white Gaussian noise (AWGN) and frequency non-selective Rayleigh block fading, according to a complex Gaussian distribution with zero mean and variance σ 2 ij for the {i → j} link. For simplicity, the AWGN is assumed to be normalized with zero mean and unit variance. The complex channel coefficient for the {i → j} link is denoted by h ij , and the channel gain, g ij |h ij | 2 , is assumed to be exponentially non-identically distributed, as is the case of asymmetric topology.
The source node is assumed to be saturated (i.e., it always has data to transmit) and the required information rate, r i , for successful reception at each destination, D i , is fixed and may differ, depending on the application; for example, if D 1 is a cellular user and D 2 is an IoT device, the rate requirements differ and, hence, r 1 = r 2 . Equivalently, a transmission from a transmitter i to its corresponding receiver j is successful if the SNR Γ ij at the receiver is greater than or equal to a threshold γ j , called the capture ratio. The value of γ j depends on the modulation and coding characteristics of the application. The variance of thermal noise at relay R k is denoted by σ 2 k and it is assumed to be AWGN. At each time-slot, the source S or one of the relays R k attempts to transmit a packet, using a fixed power
The retransmission process is based on an acknowledgement/ negative-acknowledgement (ACK/NACK) mechanism, in which short-length error-free packets are broadcasted by the receivers over a separate narrow-band channel.
B. Transmission in the {S → R} Link
In this topology, a time-slot is dedicated for a {S → R} or a {R → D} transmission. In the general case, each destination might demand a different rate r j , j ∈ {1, 2}, and in order to avoid overflow or starvation of the buffers, the source transmits with rate r 1 + r 2 [46] . Therefore,
On the contrary, a {S → R} link is in outage if γ R k < 2 r 1 +r 2 − 1, and the probability of outage is given by
Remark 1: It must be noted that a rate equal to r 1 + r 2 has been selected in order to avoid the {S → R} transmission being the bottleneck of the end-to-end transmission and due to the fact that no CSI is used due to the broadcasting nature of the {S → R} transmission. Nonetheless, as transmit SNR increases, for schemes with {R → D} prioritization like ours, it would be beneficial -if CSI is available -to allow the source to transmit with adaptive rate, as relays might be selected for consecutive time-slots to transmit towards the users. Such a case is beyond the scope of this work, but could be an interesting extension for NOMA relay networks.
Let
be the binary representation of the feasible {S → R} links due to the fulfillment of eq. (1) 
be the binary representation of the feasible links due to the fulfillment of the queue conditions (i.e., for a {S → R} link the buffer in a relay is not full). By F S R , we denote the sets of {S → R} links that are feasible having a cardinality of F S R .
C. Transmission in the {R → D} Link
On the other hand, if a relay R k is selected, the information symbols of D 1 and D 2 are superimposed and a NOMA transmission is performed. More specifically, the transmitted superimposed information symbol consisting of the information symbols x 1 and x 2 of each destination, is defined as,
with E[|x
will receive an information symbol y 1 containing the desired symbol, as well as the symbol of D 2 , i.e.,
equivalently, the received information symbol y 2 at D 2 is given by
where η 1 and η 2 denote the AWGN at each destination.
D. Outdated CSI
In practical systems, the CSI for the selection of a link might be different from the actual one, due to delays generated by the feedback mechanism. More specifically, CSI may be outdated, as the channel may vary in the period from the end of the estimation and the start of the actual transmission [50] , or because it may not be fed back constantly, in order to reduce the coordination overhead [33] .
From a practical perspective, wireless nodes with outdated CSI are also considered herein, and its effect on the proposed link selection algorithms is examined. In a system, where CSI feedback is delayed, the actual channel response h ij conditioned on the channel responseĥ ij that was estimated in the {i → j} link, during the selection period is given by [50] 
where ρ i ∈ [0, 1) denotes the correlation coefficient between h ij andĥ ij . In relay selection networks, it has been shown that outdated CSI has a degrading effect on the diversity of the network. In [50] , it was proven that a diversity order equal to one is obtained, independently of the number of the employed relays. Thus, the network performance degrades to that of single relay networks or to random relay selection, even when ρ i ≈ 1 for asymptotically high SNR values. By adopting the Jakes' In this section, the selection of α determining the power allocation for each destination is presented. Since full CSIT is available at the relay, the power allocation coefficient α can be calculated in each time-slot. The value of α is chosen to ensure that the x 1 and x 2 are decoded successfully. In other words, in order to have SIC, the SINR, for at least one of the symbols, should be greater than or equal to a threshold at both destinations D 1 and D 2 . This process must be performed by each relay in order to define the set of relays that can perform NOMA transmissions in the {R → D} links.
For example, for decoding x 2 at both destinations,
Note that γ j ≡ 2 r j − 1. Then, once x 2 is successfully decoded, x 1 can be decoded interference-free at destination D 1 according to
For this example, from inequalities (7) and (8) we get that
Then, α can take values in the range
where
Similarly, for decoding x 1 first at both destinations, we have
,
The outage probability of NOMA is equal to
be the binary representation of the feasible {R → D} links due to the fulfillment of eqs. (7), (8) (i.e., if a NOMA transmission on the set of links (10) is accurately calculated. Nonetheless, in practical systems channel estimation errors might occur. In this case, it is desired to choose α in a way that robustness against CSIT estimation errors is provided. Towards this end, we propose to choose α, so as
In addition, the selected relay must inform the two destinations on the decoding strategy that they must adopt. This is achieved by adding an extra bit to the packet's header. If the bit value is "0", D 1 will perform SIC, thus decoding its packet interference-free, while D 2 will decode its packet by considering the signal intended for D 1 , as interference. The reverse strategies are adopted when the bit value is "1". It must be noted that each R k examines sequentially the possible decoding strategies and when the first strategy that fulfills the rate requirements is found, its decision is transmitted by the selected relay to D 1 and D 2 .
IV. BUFFER-AIDED NOMA
A. Description of the Algorithm
The first selection algorithm aims at improving the performance of BA-NOMA relay networks. More specifically, the BA-NOMA relay selection algorithm aims to activate a relay to simultaneously serve D 1 and D 2 through NOMA. So, when multiple relays are available, in the {S → R} link, S broadcasts the combined signals of D 1 and D 2 , towards the K available relays, with a rate r = r 1 + r 2 . Through broadcasting, more packets are available at the relays' buffers and more importantly, CSIT is not required at the source, thus significantly reducing the implementation complexity.
Then, in the {R → D} link, each relay determines the power allocation factor α for NOMA transmission, according to (12) . Also, in order to reduce the average delay of NOMA, BA-NOMA prioritizes the selection of the relay with the maximum number of packets in its queue. Thus, if a feasible set of links to D 1 and D 2 exists, relay R * i ∈ F RD , having the maximum number of packets in its queue among the set F RD is activated for transmission. If the set F RD is empty, source broadcasting is performed. The BA-NOMA link selection algorithm for a single time-slot is summarized in Algorithm 1.
By exploiting broadcasting and selecting the relay with the maximum number of packets for {R → D} transmission, diversity can be maintained. Nonetheless, NOMA transmissions to D 1 and D 2 often require high SINR, especially for high data rate requirements, which leads to outages for both links, even though single link transmissions to one of the destinations would be feasible. Thus, it is necessary to devise a hybrid algorithm combining NOMA and OMA, efficiently switching between the two multiple-access schemes, in order to avoid a complete network outage.
B. Theoretical Analysis of the BA-NOMA Algorithm
In this algorithm, we observe that the data for destinations D 1 and D 2 that the source transmits to the relays remain together in the buffer and they are eventually transmitted simultaneously to the destinations. Hence, we can treat these data as one packet in the network. As a result, the theoretical analysis of this work is similar, mutatis mutandis, to those of [31] , [32] , and can be cast as a discrete time Markov chain (DTMC) in which each state represents a possible state of the buffers. The main difference in the BA-NOMA algorithm is that the values of the transition probabilities of the DTMC differ from the source to the relays, since the source transmits packets for two destinations, and the same holds for the transition probabilities from the relays to the destinations, as packets are transmitted only when both links are not in outage.
States of the DTMC. As aforementioned, the states of the DTMC represent all the possible states of the buffers. The state of the DTMC can be represented by S r ∈ S, where S is the set of all available states, r ∈ N, 1 ≤ r ≤ |S|, and |S| represents the cardinality of all the possible combinations of the buffer states.
Construction of the state transition matrix of the DTMC. Let (X t ) t≥0 denote the discrete-time Markov random process capturing the evolution of the system. Also, let A ∈ R |S|×|S| denote the state transition matrix of the DTMC, in which the entry A i,j = P S j → S i P X t+1 = S i |X t = S j is the transition probability to move from state S j at time t to state S i at time (t + 1). At each time slot, the buffer state and, hence, the state of the system, can be modified as follows: (a) the number of elements of one or more buffers can be decreased by one, if a relay node is selected for transmission and the transmission is successful, and also other relays, that have the same packet in their buffer, drop it; (b) the number of elements of one or more buffers can be increased by one, if the source node is selected for broadcasting and the transmission to at least one relay is successful; (c) the state of all buffers remains unchanged when there is an outage event (i.e., all the {S → R} and {R → D} links are in outage).
Properties of the DTMC. The DTMC depicts finite-size buffers and, hence, it is stationary, irreducible and aperiodic (SIA) [21] , i.e., a steady state (also known as the distribution of the DTMC) λ exists such that Aλ = λ and b T λ = 1, where
T . Steady-state λ of the column stochastic matrix A of the MC that models the states of the network system is given by [21 (7), (8) and (11)].
C. Asymptotic Performance of the BA-NOMA Algorithm
When the average channel SNR, denoted herein by φ, goes to infinity (i.e., φ → ∞), the probability of a {S → R} or a {R → D} link being in outage goes to zero, provided the buffer is not full or empty, respectively. The prioritization of the {R → D} links at high SNR makes the scheme deterministic, as it is the case of the LoCo − Link scheme in [32] . The main reason is the following: since {R → D} links are prioritized for transmission, there will be a time, say t, at which all buffers will eventually become empty. At the next time-slot (i.e., t + 1), since there are no packets in the buffers, the source broadcasts the same packet to all the relays. At the next time-slot (i.e., t + 2), priority is again given to the {R → D} links and, hence, once a relay transmits the packet in its buffer, all other relays discard their packet and the relays become empty again. Since this procedure is repeated indefinitely, we can cast this as a twostate DTMC: one, denoted by S e , corresponds to the case in which there are no packets in the buffers and the other, denoted by S f , corresponds to the case in which there is one identical packet in all relay buffers. For simplicity of exposition of the analysis, we assume that all the channel gains are independent and identically distributed (i.i.d.) with rate parameter equal to 1, i.e., g S R k , g R k D j , ∼ Exp(1) ∀k ∈ {1, . . . , K}, j ∈ {1, 2}.
Derivation of the Asymptotic Outage Probability. Since the scheme switches between two possible states, S e and S f , then as φ → ∞, the probability of the system being is outage is given by
where P (S e ) and P (S f ) are the probabilities that the state of the buffers are in S e and S f , respectively, and p S e out and p
S f out
are the outage probabilities to the corresponding states. Since,
states S e and S f are switching continuously, the probability of being at one of the states at any given time is equal to 1/2, i.e., P (S e ) = P (S f ) = 
where γ 0 = 2 r 1 +r 2 − 1 and (a) stems from the fact that for very small x, e x ≈ 1 + x. When the state is S f , there are K available pairs of {R → D} links and n (n = 0 for L = 1 and n = K for L ≥ 2) available {S → R} links (that are not used unless the {R → D} links are in outage). Suppose that x 2 is decoded first. Then, in the asymptotic case, since when φ → ∞ it is equivalent to P R k → ∞, (7) becomes
The inequality emerging from (15) can be written as
and it is justified by inequalities (9a) and (9b) for P R k → ∞. Condition (16) can be guaranteed from our choice of parameter α, since it can be easily shown that if inequalities (9a) and (9b) hold, then (16) holds.
In the following proposition, we provide the probability for each of the {R → D} links to be in outage.
Proposition 1: The outage probability at D 2 in which the data to D 1 (i.e., x 1 ) are not required to be decoded first, is given by
The probability of D 1 being in outage in BA-NOMA algorithm, given that it decodes x 2 first, is given by
Proof: See Appendix A. Note that, if one of the destinations is not able to successfully receive its data, the whole packet (with x 1 and x 2 ) is dropped. In the following proposition, we provide the probability of the {R → D} transmission to be in outage.
Proposition 2: The probability of any of the {R → D} links being in outage is given by
From Proposition 2,
where (a), as before, stems from the fact that for very small x, e x ≈ 1 + x and γ 1,2
. Hence, (13) becomes
Derivation of the diversity gain. The diversity gain of the proposed relay selection scheme can be computed as follows:
For buffer size L = 1, then n = 0, and (23) becomes
For buffer size L ≥ 2, then n = K, and therefore (23) becomes
where (a) stems from the fact that for small x, log(1 + x) ≈ x. Remark 2: The diversity gain for L ≥ 2 converges much faster to K since the term that goes to zero decays with exponential rate, i.e., O(φ K log φ), whereas for L = 1 the diversity gain converges with logarithmic rate only, i.e., O(log φ). The second selection algorithm, namely hybrid BA-NOMA/OMA combines the two multiple-access schemes, maintaining the sum-rate of the network. More specifically, BA-NOMA/OMA allows the source to broadcast a packet with rate r 1 + r 2 towards the K relays. Then, the relays derive α according to (12) . However, it is possible that a NOMA transmission might not be successful, especially for low available transmit SNR and high rate requirements. In this case, the network should not experience a complete outage, since, at least, one destination D j might be able to receive its packet from the relays belonging in F RD j , j ∈ {1, 2}. Thus, set F RD j includes links that can achieve an OMA transmission towards D j according to
In order to maintain user fairness, at odd time-slots, first, D 1 is examined on whether or not it can receive its packet from R k ∈ F RD 1 , otherwise D 2 is examined on whether or not it can receive its packet from R k ∈ F RD 2 . The order with which, each destination is examined for successful reception is reversed at even time-slots. The hybrid BA-NOMA/OMA link selection algorithm for a single time-slot t is summarized in Algorithm 2.
For clarity, the case of having relays with equal queue lengths in the {R → D} links is omitted in the description of Algorithm 2. Nonetheless, in such cases, the relay is selected in a random manner, as described in lines 7 to 11 of Algorithm 1. BA-NOMA/OMA constitutes an efficient selection algorithm combining the merits of both multiple-access schemes. It is obvious that switching among NOMA and OMA allows the network to avoid outages and sustain its performance independently of the available transmit SNR. In the performance evaluation at Section VI, BA-NOMA/OMA is evaluated for various scenarios with different data rate requirements, showing promising performance gains compared to either NOMA or OMA algorithms.
Regarding the practical implementation of BA-NOMA/ OMA, a 2-bit signaling scheme is devised. More specifically, the first bit of the signaling message denotes whether or not, a NOMA transmission is performed. So, when the first bit is "1" NOMA is feasible, while a "0" value triggers an OMA transmission. Then, the second bit informs each destination to perform a specific action. If NOMA is performed and the second bit is "0", D 1 performs SIC, while a value equal to "1" leads D 2 to carry out SIC. However, for OMA, a value equal to "0" for the second bit flags that D 1 is scheduled, and a value equal to "1" for the second bit denotes that D 2 is scheduled. if
The source broadcasts its value. 13:
end if 15:
end if 16:
if
The source broadcasts its value. 26: all the possible cases for the 2-bit signaling, necessary for the operation of BA-NOMA/OMA.
A. Theoretical Analysis of the Hybrid BA-NOMA/OMA Algorithm
In the hybrid BA-NOMA/OMA algorithm, if NOMA is not feasible, the algorithm adopts OMA in which one of the two destinations receives its data. As mentioned in the description of the algorithm, a fairness approach is used in which odd time slots are used for transmitting to D 1 , if NOMA is not possible, and even time slots for transmitting to D 2 . Note however that if in an odd/even time slot in which NOMA is not feasible D 1 /D 2 is in outage, then the slot is used for transmitting to D 2 /D 1 , if the link is not in outage. As a result, we cannot treat these data as one packet in the network any more, as we did for the BA-NOMA algorithm in Section IV, because at a relay, the data might get split because of OMA and only the data for one of the destinations is transmitted. As a result, the theoretical analysis of this part differs, even though it can be cast as a DTMC in which each state represents a possible state of the buffers.
States of the DTMC. The state of the DTMC is given by the state of the buffers, as in Section IV-B.
Construction of the state transition matrix of the DTMC. At each time slot, the buffer state and, hence, the state of the system, can be modified as follows: (a) the number of elements of one or more buffers can be decreased by two, if a relay node is selected for transmission and the transmission is successful in NOMA, and also the other relays, that have the same packet in their buffer, drop it; (b) the number of elements of one or more buffers can be decreased by one only, if a relay node is selected for transmission and the transmission is successful in OMA (i.e., NOMA is not feasible, but OMA is), (c) the number of elements of one or more buffers can be increased by two, if the source node is selected for broadcasting and the transmission to at least one relay is successful; (d) the state of all buffers remains unchanged when there is an outage event (i.e., all the {S → R} and all the {R → D} links are in outage). Unlike BA-NOMA, from the relays you may have either one or two packets transmitted. We also assume, for simplicity, that the packet sizes for each destination are of the same size, but in principle they can be of different sizes as well.
Properties of the DTMC. Despite the differences in the construction of the state transition matrix of the DTMC, once the DTMC is constructed, the analytical expressions for the outage probability, average throughput and average packet delay do not change. Constructing examples for our DTMC is trivial and beyond the scope of this paper.
B. Asymptotic Performance of the Hybrid BA-NOMA/OMA Algorithm
The advantage of the hybrid BA-NOMA/OMA algorithm is that when the BA-NOMA algorithm is in outage because, either of the destinations has failed to decode successfully, the algorithm switches to OMA, thus allowing one of the destinations to receive data. Hence, the outage probability is given by
where (a) stems from the fact that for very small x, e x ≈ 1 + x. Hence, (13) now becomes
For buffer size L = 1, then n = 0, and (26) becomes
where (a) stems from the fact that for small x, log(1
For buffer size L ≥ 2, then n = K, and therefore (26) becomes
where (a) stems from the fact that for small x, log(1 + x) ≈ x. Remark 3: The diversity gain for L ≥ 2 converges much faster to K since the term that goes to zero decays with exponential rate, i.e., O(φ 2K log φ), whereas for L = 1 the diversity gain converges with rate as that for L ≥ 2 for the BA-NOMA, i.e., O(φ K log φ).
VI. NUMERICAL RESULTS
Next, performance evaluation results are given for BA-NOMA and BA-NOMA/OMA. The topology consists of a twohop network with two users, a varying number of relays K and a buffer size L = 4 packets. To provide additional insight on the performance of the two selection algorithms, as well as a more realistic scenario, the channels of the two users are considered to be independent non identically distributed (i.n.i.d). Regarding the required rate by each user, two cases are evaluated, i.e. equal rate and different rate. The case of equal rate can be mapped to two cellular users requiring the same service from a base station, while the case of a high-rate user and a low-rate user might correspond to a cellular user and an IoT device sharing the same wireless channel. The considered OMA schemes include the LoCo-Link algorithm of [32] , the {R → D} prioritization algorithm of [24] and the delay-aware algorithm of [26] . Also, apart from the two proposed algorithms, NOMA versions of the algorithms of [24] and [26] are evaluated, as well as the delay-aware NOMA algorithm of [47] . For OMA, a fixed scheduler allocates the wireless channel to the first user in the odd time-slots and to the second user in the even time-slots, while outages occur when at two consecutive time-slots there is no relay that can perform a successful transmission/reception. Also, for NOMA, outages occur if at a given time-slot there is no relay that can perform a successful transmission/reception. For a fair comparison, the hybrid BA-NOMA/OMA algorithm is not included in the outage results, as it cannot be directly compared to NOMA and OMA algorithms, similarly to [46] . Outages occur according to eq. (2) and eq. (11).
A. Equal Rate Requirements
In the first scenario, the two users require equal rates r 1 = r 2 = r = 3 BPCU and in this case, the channel asymmetry is defined as σ
. For a fair comparison, in the OMA algorithms, the transmission in each hop should satisfy twice the rate requirement, since the overall communication demands two times the time-slots of NOMA. For the hybrid NOMA/OMA, when NOMA fails, the OMA transmission in the RD link selects one user and transmits with rate r.
1) Outage Probability:
The outage probability for NOMA and OMA transmissions is depicted in Fig. 2 for a network where K = 4 and L = 4. As each user has the same rate requirements, possible gains for NOMA derive from channel asymmetries. As a result, it can be seen that due to D 1 having stronger channels towards the relays than D 2 , NOMA algorithms outperform their OMA versions. For both multiple-access cases, for low transmit SNR, the network is in outage as rate requirements are increased, while after 15 dB the network's performance improves. Focusing on the NOMA algorithms, equal diversity performance is observed, since all of them perform {R → D} prioritization. The same observation applies for the OMA algorithms, where at each time-slot, if an {R → D} link is not in outage and there are packets in the relays' buffers, it is scheduled for transmission.
2) Average Sum-Rate: Next, average sum-rate results are given in Fig. 3 , for NOMA, OMA and hybrid NOMA/OMA algorithms when K = 4 and L = 4 . It can be seen that the hybrid NOMA/OMA provides superior performance for all the SNR range. It is obvious that switching to OMA transmission in the {R → D} link, when NOMA cannot be performed, allows at least one user to be served at its required rate. As a result, the additional signaling complexity of hybrid NOMA/OMA is justified in order to achieve better performance. Then, for SNR values between 10 dB and 15 dB, OMA outperforms NOMA, as the interference between the users' signals cannot guarantee that both signals are successfully decoded at each destination. Nonetheless, when increased transmit SNR is available, due to the robust selection of α, NOMA offers improved performance compared to OMA, as the users' power allocation is based on channel asymmetries and the required rate. Again, it can be seen that no differentiation is observed within each multiple-access family, due to {R → D} prioritization.
The next comparison in Fig. 4 investigates the average sumrate performance of the BA-NOMA, hybrid BA-NOMA/OMA and the OMA of [32] for increasing number of relays K and fixed transmit SNR equal to 16 dB. All the algorithms are based on broadcasting in the {S → R} links and {R → D} prioritization. It can be seen that the hybrid BA-NOMA/OMA outperforms the other multiple-access cases, due to its flexible scheduling in the {R → D} links, switching among NOMA and OMA. In addition, with each relay that is added to the network, the sum-rate increases, due to increased diversity. For the other two multiple access cases, it can be seen that for a small number of relays similar performance is achieved. However, when more relays are available, BA-NOMA provides better performance, as both users can be served simultaneously and the increased diversity is better exploited, compared to the case of OMA.
Then, Fig. 5 depicts the sum-rate of the network when α is determined using outdated CSI. So, various correlation coefficient ρ values are examined in order to illustrate the impact of outdated CSI on BA-NOMA depending on the adopted α value. More specifically, for all ρ cases, when α = α m in , the sum-rate of BA-NOMA is significantly reduced, compared to the case of employing an α value using eq. (12), denoted as α opt . It can be observed that independently of ρ, α opt allows BA-NOMA to reach the upper bound for the sum-rate for this topology where fixed rated transmissions are performed.
3) Average Delay: Then, Fig. 6 includes average delay results, where the performance of each user is shown when K = 4 and L = 4, for the hybrid BA-NOMA/OMA and OMA algorithms. On the contrary, for the NOMA algorithms, the users are not distinguished, as the same delay is experienced, since they are served simultaneously at each time-slot. For lower SNR values, it can be seen that hybrid BA-NOMA/OMA provides the best delay performance to both users, while D 1 experiences reduced delay than D 2 . As the transmit SNR increases, hybrid NOMA/OMA and NOMA algorithms provide almost equivalent delay performance, with some differences, due to instances of switching for the hybrid algorithm, resulting in cases where packets for one user might not exist and thus, less NOMA transmissions are performed. Nonetheless, after 22 dB, hybrid BA-NOMA/OMA relies on NOMA transmissions and so, delay performance is identical to NOMA algorithms. Moreover, there are some differences between OMA algorithms, with the algorithm of [32] providing slightly better performance, since more packets are available due to broadcasting in the {S → R} links. For the OMA algorithms, it must be noted that increased delay is experienced by the weak user D 2 , due to excessive outages when this user is scheduled. However, when transmit conditions improve, both users achieve similar delay performance. Overall, after 22 dB and when delay performance is stabilized, the adoption of hybrid BA-NOMA/OMA and NOMA algorithms is able to halve the delay in comparison to OMA.
B. Different Rate Requirements
In the second scenario, the two users require different rates r 1 = 4 BPCU and r 2 = 1 BPCU. It is well known that NOMA is superior to OMA when increased asymmetry between the users' channels is experienced. In this comparison, the first user D 1 is assumed to have stronger channels towards the relays than D 2 , an asymmetry described by σ
. More importantly, as increased asymmetry in rate requirements is considered, this scenario might correspond to a network where D 1 is a cellular user demanding a high rate service, while D 2 is an IoT device.
1) Outage Probability:
The outage performance of the network for K = 4, L = 4 and different rate requirements for each user is illustrated at Fig. 7 . It can be observed that due to the increased asymmetry stemming from different channel conditions and rate requirements, NOMA algorithms offer significantly reduced outage probability compared to OMA algorithms. Also, all the NOMA algorithms provide similar behavior with a slight improvement offered by BA-NOMA and NOMA of [47] , where broadcasting in the {S → R} links and the selection of the relay with the maximum buffer size are performed, respectively. However, due to {R → D} prioritization, diversity gain is equal for all NOMA and OMA algorithms. It must be noted that, as transmit SNR increases, there is almost a 10 dB coding gain between NOMA and OMA.
2) Average Sum-Rate: In the next comparison, the average sum-rate performance is evaluated in Fig. 8 for K = 4 and L = 4. In this case, it can be observed that for low SNR, OMA is able to serve D 2 with the required low rate. On the other hand, hybrid BA-NOMA/OMA cannot serve the users until the transmit SNR reaches a value of 8 dB. This can be explained by the rate requirement in the {S → R} links where r 1 + r 2 = 5 BPCU must be achieved. As a result, outages occur for this algorithm. In addition, BA-NOMA requires a transmit SNR above 10 dB to operate. However, as transmit SNR increases hybrid BA-NOMA/OMA and NOMA algorithms provide the best performance due to the robust selection of α, considering both the channels and the rates of the users. More importantly, hybrid BA-NOMA/OMA provides increased performance gains, as it overcomes NOMA outages in the {R → D} links by switching to OMA.
Another performance comparison for the average sum-rate is depicted in Fig. 9 . Here, the performance is evaluated versus the increasing number of relays and fixed transmit SNR equal to 16 dB. Starting from the hybrid BA -NOMA/OMA, it can be observed that independently of K, it provides the highest sum-rate compared to BA-NOMA and OMA. Nonetheless, for this transmit SNR, BA-NOMA operates efficiently and is able to provide a high sum-rate that reaches that of hybrid BA-NOMA/OMA as K increases, thus exploiting the increased diversity. On the contrary, for this transmit SNR value, OMA cannot improve its performance and only the low rate user is served.
After, Fig, 10 shows the sum-rate of the network under various correlation coefficient ρ values, when outdated CSI is used for determining α for BA-NOMA. It is clear that for all the values of ρ, α = α m in degrades the performance of BA-NOMA. On the contrary, choosing α based on eq. (12) provides robustness against delays in CSI acquisition. As a result, the fixed end-toend sum-rate of 2.5 bps/Hz can be achieved and both users can be served.
3) Average Delay: For this highly asymmetric scenario in terms of rate requirements, delay results are included in Fig. 11 . The OMA algorithms, due to the fixed scheduling and the absence of interference are able to support the low rate user D 2 , even for low transmit SNR values. Nonetheless, the high rate user D 1 experiences outages and its delay performance improves after 20 dB. The hybrid BA-NOMA/OMA algorithm is able to adequately serve both users at lower SNR and as conditions improve, it achieves significantly improved delay performance compared to OMA algorithms. Finally, NOMA algorithms demand high transmit SNR in order to reduce the average delay of the users and especially BA-NOMA is able to improve the delay performance at a lower SNR by exploiting the existence of more packets, due to broadcasting in the {S → R} links. For asymptotically high transmit SNR, hybrid BA-NOMA/OMA and NOMA algorithms offer half the delay compared to the OMA algorithms, as users are simultaneously served at each time-slot.
VII. CONCLUSIONS AND FUTURE DIRECTIONS
In this paper, a two-hop topology where two users communicate with a source through NOMA was examined. Also, the process of determining the power allocation coefficient α was presented. Then, two BA relay selection algorithms were proposed for NOMA and hybrid NOMA/OMA relying on broadcasting from the source in order to maintain the diversity of the network and reduce the implementation complexity. Finally, performance evaluation was conducted for users with equal and different rate requirements and asymmetric channel conditions. It was shown that the proposed BA-ORS algorithms can improve the performance of NOMA, and especially hybrid NOMA/OMA networks, in terms of average sum-rate and delay due to efficient scheduling and {R → D} prioritization.
Possible future directions consist of developing selection algorithms, aiming to maximize the sum-rate of multi-source networks and the consideration of BA full-duplex relaying. Towards this end, scenarios with both direct {S → D} connectivity and relay selection can provide additional degrees of freedom to the transmission [52] , thus improving the performance of NOMA. Also, practical issues, such as outdated CSI [9] [10] [11] and imperfect SIC [53] should be considered when selecting the relay in NOMA and hybrid NOMA/OMA networks.
APPENDIX A PROOF OF PROPOSITION 1
The probability of D 2 being in outage in BA-NOMA algorithm is given by
Solving in the parenthesis with respect to g R k D 2 we obtain
Let F W (w) denote the cumulative distribution function (cdf) of a random variable W ; e.g., for the exponential distribution The proof is complete.
APPENDIX B PROOF OF PROPOSITION 2 As in the proof of Proposition (1) in Appendix (A), for D 1 the event of failing to decode x 2 is denoted by A, and for D 2 the event of failing to decode of x w is denoted by B. In this case, the events are independent (since the channels are assumed to be independently distributed) and, therefore, 
